SUMMARY
A suitable model lung is required to test the performance of lung ventilators. A simple passive model is adequate to test ventilators which provide only controlled ventilation. Such a passive model lung usually comprises a compliance unit in series with a resistance unit [1, 2] to simulate the patient's total respiratory compliance and total respiratory resistance.
For ventilators which allow the patient to breathe spontaneously through them, an "active" model lung is required that simulates the patient's breathing. A flow-generating pump (for example a piston pump connected directly to the patient connection port of the breathing system) is adequate to determine the load imposed on the patient by the ventilator breathing system, provided the ventilator does not respond to the simulated patient activity [4] . However, these two models, passive lung and flow-generating pump, cannot be combined to reproduce the circumstances of spontaneous ventilatory activity combined with ventilator activity-as in intermittent mandatory ventilation (IMV) and pressure assistance.
Models have been described which allow both spontaneous breathing and machine induced-breaths to be reproduced, but the simulation is satisfactory only when the machine and spontaneous breaths occur at different times; when they coincide, the interaction may not be reproduced faithfully [4] [5] [6] [7] .
Therefore we have developed a model in which the activity of the respiratory muscles is represented by a pressure generator (and we have justified such a representation). Thus the pressure generator of the patient and the flow or pressure generator of the ventilator act together and separately on the impedances that lie between them. These impedances are the compliance and resistance of the respiratory system of the patient and those of the breathing system of the ventilator.
The objective of this study was first to design and construct a model lung which could reproduce not only the compliance and resistance, but also the pressure-generating properties of a given subject when connected to a given load or to a given ventilator with given settings. The second objective was to show that, when the model was set to simulate that subject under that condition and connected to that load or ventilator, the same waveforms of both flow and mouth pressure resulted. Three volunteer subjects were studied under widely varied conditions to provide a demanding test of the performance of the model.
THEORY, DESIGN AND CONSTRUCTION OF THE MODEL
Theory Figure 1A shows a conceptual model of a patient breathing from a ventilator. The respiratory muscles apply a waveform of force to a "load" comprising the impedance of the respiratory system (total respiratory compliance, C, and total respiratory resistance, R) and the internal impedance of the ventilator. The ventilator also applies a force, in the form of a flow generator or pressure generator, to the opposite end of the impedances. The waveforms of flow, mouth pressure and volume which result are a consequence of the combined effects of the two forces on the combined impedances between them.
In the conceptual model, the waveform of force produced by the respiratory muscles could be simulated exactly by paralysing those muscles and applying a waveform of negative pressure outside the thorax ( fig. 1B) , such that the waveforms of flow, volume and pressure at the mouth were as before. We term this waveform of negative pressure pmus. The symbol Pmus (upper case) has been used by several previous workers [8] [9] [10] to describe the action of the respiratory muscles, but sometimes the mathematical definition is different and sometimes it refers only to the peak value under specified conditions. We use pmus (lower case) to refer to the instantaneous value of respiratory muscle activity throughout the ventilatory cycle-that is, the whole waveform. (This convention-upper case symbols for parameters and lower case for instantaneous values of variables-is adopted throughout this paper.) It is shown in the Appendix that if the waveforms of mouth pressure, flow and volume are recorded from a subject, and the compliance and resistance are known from prior measurement, the waveform of pmus may be calculated from
where pm = pressure at the "mouth"; R = total respiratory resistance; v = flow (inspiratory direction positive); v = volume of gas at ambient temperature and pressure (ATP) in the compliance unit in excess Conceptual model-respiratory muscles apply a waveform of force to the respiratory system. B: Directly equivalent mechanical model-a waveform of negative pressure (pmus) applies the same waveform of force. C: Adopted, indirectly equivalent, mechanical model (see text). C = Compliance of the compliance unit, equal to the total respiratory compliance of the subject; R = resistance of the resistance unit, equal to the total respiratory resistance of the subject; pA = alveolar pressure; pm = pressure at the mouth; pmus = waveform of force produced by respiratory muscles; vp = change in volume of gas (at ATP) in the pump.
of that present at the end of the expiratory phase; C = total respiratory compliance; PAE' = end-expiratory "alveolar" pressure. The amplitude and perhaps the waveform of pmus may be expected to vary between subjects and between conditions. However, if a mechanical model is constructed as in figure 1B , with the same compliance and resistance as the subject, and the same pmus waveform, as measured in the subject when connected to the ventilator with some settings of the controls, then if the model is connected to the ventilator with the same settings of its controls, the waveforms of flow, volume and mouth pressure would, ideally, be the same. Some discrepancies can be expected to arise from the fact that the impedance of the respiratory system is more complex than a single compliance in series with a single resistance [11] . However, the use of such two-component models is standard practice in ventilator testing [3, 12] .
Theory of compliance and resistance measurement
The method used is based on multiple linear regression analysis as used by several authors [13] [14] [15] [16] . Equation (1) can be re-arranged as:
If the subject relaxes as fully as possible whilst connected to a ventilator set to provide continuous mandatory ventilation, pmus approximates to zero. If measurements of flow, volume and mouth pressure are made at short time intervals throughout the ventilatory cycle, multiple regression analysis can be used to predict pm from v and v by assuming that pmus = 0; then coefficients of the regression equation provide estimates of R, l/C and PAE'. If the subject is successful in keeping pmus = 0, the residual error waveform (the waveform of the differences between the measured and predicted value of pm), is small and random; therefore any structure in the waveform suggests incomplete relaxation.
Design
In figure IB , a spring-loaded bellows has been indicated as the compliance unit because this makes an obvious analogy with the patient. However, with such an arrangement, it is difficult to achieve linearity and stability of the compliance. Also, it would be difficult to develop a method of generating a sufficiently rapidly changing pmus with negligible internal resistance.
A stable, linear compliance can be obtained by using the compressibility of the gas in a large rigid container, provided that the container is stuffed with sufficient suitable material to ensure that the pressure changes are isothermal [2, 17] . It is shown in the Appendix that pmus can then be represented indirectly by a reciprocating piston pump connected as in figure lc and constrained to move so that the volume of gas in the pump is given by: matched correctly to the subject in terms of compliance, resistance and pmus waveform, and connected to the ventilator with the same settings of the controls, the waveforms of flow, volume and mouth pressure may be expected to match those measured when the subject was connected-within the limits of validity of the conceptual model [11] , the limits of accuracy of the mechanical model and the limits of reproducibility of the ventilator.
Construction
The piston pump is a modified pneumatic drive cylinder (Kay Pneumatics model No. KCL2), having a bore of 100 mm and a swept volume in excess of 1.5 litre. The piston is driven by a stepper motor (RS Components Type 34) so that one step of the motor increments or decrements the volume in the cylinder by a preset amount. The stepper motor is driven by a control board (RS Components) with a microcomputer (BBC model B) supervising its action. Digital output signals from the microcomputer control the direction of movement and step size (1 or 2 ml), and provide the train of pulses, each pulse rotating the motor one step. Therefore, by rhythmically varying the frequency and sense of the pulses, any required waveform of pump volume (vp) can be generated. The required waveform of vp is stored as an array in which each element represents the volume increment or decrement required for a time interval of 20 ms. With a step size of 1 ml, the model achieved peak flows at the "mouth" of the complete test lung in excess of 100 litre min" 1 against a pressure of 5 kPa.
The compliance of the lung model was adjusted by combining separate, linear, rigid-container compliance units [2] (of 0.5, 0.2, 0.1 and 0.03 litre kPa" 1 nominal value). The resistance unit of the lung model was constructed and adjusted in the manner described by Mecklenburgh [18] .
EXPERIMENTAL TESTING OF THE MODEL

Measurements in the volunteer subjects
Three healthy volunteer subjects (all male, aged 27-42 yr, body mass 62-67 kg) were studied. Flow and pressure at the mouth were measured while they were breathing under five different conditions as follows:
(1) Connected to a ventilator set to provide continuous mandatory ventilation (CMV). Under this condition, the subject was instructed to relax the respiratory muscles completely. The ventilator was adjusted to match the subject in terms of frequency, but with the tidal volume set to 1.5 times his spontaneous tidal volume to reduce the urge to inspire. (2) Breathing from atmosphere via the measuring apparatus. The same ventilator, an Engstrom Erica II (in everyday clinical use), was used for both the subject and simulator studies, but it was serviced between these two phases of the work.
Each subject was connected to the ventilator, orifice-plate resistance, or atmosphere via a screen pneumotachograph ( fig. 2 ). Mouth pressure was measured from a side tapping between the mouthpiece and pneumotachograph and volume was obtained by integration of the flow signal. A noseclip was used to prevent nasal breathing. The subjects were seated and care was taken to ensure that their posture was similar under all conditions. An experiment consisted of one 4-min period of breathing under each of the five conditions, with 2-min rest periods in between, during which the subject was disconnected from the mouthpiece. Only the last 2 min of each 4-min period was recorded; this was to allow time for the breathing pattern to stabilize under each condition. These 2-min periods of recording were digitized at 20-ms intervals and stored on disc for later processing and analysis. All subjects accustomed themselves to the various loads before the experimental sequence.
The data acquisition and analysis was performed on an Apple Macintosh Ilex microcomputer equipped with an analog-to-digital input board (MIO-16, National Instruments) and running LabView software (National Instruments).
All measuring devices were calibrated before use and the calibration checked after each experiment using an RT200 Calibration Analyser (Timeter Instrument Corp., Oregon Pike, U.S.A.). The pneumotachograph was calibrated using dry air at room temperature.
It was assumed that the volume derived from integration of inspiratory flow was correct at ATP because the conditions in the pneumotachograph during inspiration were known and equivalent to the calibration conditions. However, conditions during expiration were different and unknown (and there would be some net gas exchange), so the volumes FIG. 4. Section of a typical recording from one subject (J.M.) breathing through the resistive load. The lower trace shows the pmus waveform calculated from the flow and mouth pressure (pm) waveforms, using the estimated compliance and resistance of the subject.
obtained by integration of expiratory flow were not the same as those in inspiration. This resulted in a drift of end-expiratory volume when the entire 2-min recording was integrated. It was assumed that the subjects were in a steady state and any real systematic change in end-expiratory volume caused by the introduction of a new breathing condition was complete by the start of the period of digitization. Therefore, each period of recording was truncated to include only an integral number of breaths, and an empirical calibration factor was calculated so that the drift in end-expiratory volume was eliminated over these breaths. In this way breath-to-breath variations in end-expiratory volume were preserved. After correcting expiratory flows, volume was recalculated. Thus all flows and volumes were expressed at ATP and so were directly comparable with measurements from the lung model which operated at ATP. The data from the continuous mandatory ventilation condition were submitted to multiple regression analysis according to equation (2) (with pmus = 0) to determine the values of resistance and compliance. The precisions of the resistance and compliance estimates were assessed by applying the regression analysis separately to each individual breath in a 2-min recording to obtain 20-30 estimates of each parameter and calculating means and 95 % confidence limits. For the remaining conditions, pmus was calculated from equation (1) .
Simulation of the volunteer subjects with the lung model
The model lung was set to match each subject in terms of compliance and resistance and connected in accordance with conditions (2)-{5), with the appropriate 2-min sequence of pmus waveform applied to the model lung. The resulting waveforms of pressure and flow at the "mouth" were compared with the corresponding pressure and flow waveforms obtained from each subject.
During the experiments with subjects, the ventilator had an inadvertent positive end-expiratory pressure (PEEP) of approximately 0.3 kPa. During the experiments with the simulator, which were performed after servicing of the ventilator, the inadvertent PEEP was absent. Therefore, to obtain equivalent conditions, the relevant control on the ventilator was set to provide an equivalent PEEP. Similarly, the pressure-assistance control was set to produce the same peak mouth pressures as in the original experiments. No immediate measurement of tidal volume was made; therefore, in SIMV with the simulator, the tidal volume control was set to the same position as for the corresponding subject.
In these simulation experiments, the composition and condition of the expired gas was the same as that of the inspired gas, so no correction was necessary except the routine correction for the slight asymmetry of the pneumotachograph output.
RESULTS
Estimates of compliance and resistance
The reliability of these estimates depends on how successful the subject is in relaxing; this is shown by how closely the fitted values of mouth pressure, from the regression analysis, match the measured values. This is illustrated for one subject in figure 3 by overlaying the measured and fitted values and by including the waveform of the difference-that is, the residual error. The magnitude of the residual error is summarized by the residual SD of the regression (the SD of the points of the error waveform in figure 3 ). This is given in table I for each subject, together with the mean and 95 % confidence limits of the breath-by-breath regression estimates of compliance and resistance. The values used in the lung model are given also.
Calculated pmus waveforms
These varied a little between subjects, between conditions and even from breath-to-breath, but always had the same, general, "curved saw-tooth" shape, as illustrated in figure 4 for one subject breathing through the resistive load. ) and simulated ( ) waveforms, together with the waveform of the difference between the two (simulated -actual). 
Comparison of subject and simulator
The waveforms of mouth pressure and flow generated by the lung model when it was matched to each subject under each condition, were compared with the corresponding original recordings in two ways. A detailed comparison was made by overlaying the actual and simulated waveforms and also plotting the waveform of the differences. This is illustrated in figure 5 for one subject breathing through the resistive load and in figures 6 and 7 for the same subject under the pressure-assistance and SIMV conditions, respectively. A summary comparison was made in terms of the mean and SD of all the points in the difference waveforms of mouth pressure and flow (table II) . (The differences between actual and simulated tidal volumes also are given in table II.) This table shows that the mean difference of mouth pressure was generally less than 0.02 kPa for breathing from atmosphere, through the resistance load or through the ventilator with pressure assistance, but this difference increased to about 0.1 kPa for the mandatory breaths in SIMV. SD values were of the order of 0.01 kPa without the ventilator and 0.1 kPa with the ventilator.
The mean differences of flow were very small indeed. SD were about 0.05 litre s" 1 (3 litre min" Mean differences of tidal volume were generally less than 0.05 litre for the conditions without the ventilatory assistance (including the spontaneous breaths in SIMV), but the differences increased to about 0.1 litre for the mandatory breaths in SIMV and for pressure assistance. The SD values of the differences of tidal volume were mostly around 0.01 litre for all conditions, except for one subject (A.W.) during SIMV.
DISCUSSION
In the determination of the compliance and resistance of each subject, some incompleteness of relaxation is indicated by the structure in the waveform of the difference between measured and fitted pm ( fig. 3 ). However, even in the least relaxed subject (A.W.) the residual SD amounted to only 8 % of the 1 kPa peak-to-peak variation of pm (table I) . In this subject, the 95% confidence limits of the compliance and resistance estimates were 3% and 11 % of the means, respectively, whilst for the other subjects these were less than 1% and about 5%, respectively. This seems adequate precision for a simple, two-component, compliance-and-resistance representation of the total respiratory impedance. When non-linear compliance and resistance terms and an inertance term were included in the regression equation the fit improved, but not sufficiently to justify the complication of representing these additional terms in the lung model. The pmus waveform was similar in different individuals and under different conditions. The typical waveform ( fig. 4) was predominantly a negative pressure deflection that started rapidly and had a brief negative peak and a roughly exponential decay, although the final value was often either slightly positive or negative. This might be attributed to variation in resting muscle tone and explain the variation in FRC between breaths. When the waveforms are plotted on a faster time base ( fig. 8 ) it can be seen that pmus does not return towards zero until well after expiratory flow has commenced; the inspiratory muscles relax gradually, controlling the changeover to expiratory flow and the early part of expiration. The reversal of flow occurs when the magnitude of pmus has decreased to less than the recoil pressure of the lungs and chest wall.
The model was able to reproduce faithfully the breathing pattern of our volunteers. This is shown by the smallness of the differences between the volunteer and simulation recordings of pressure and flow at the mouth for breathing from atmosphere and through the resistance; table II indicates that figure 5 is typical of all three subjects breathing through the resistance or from atmosphere.
When the subjects were breathing from the ventilator with pressure assistance, the mean differences between real and simulation values for mouth pressure and flow were similar to the preceding conditions, but the SD of the instantaneous differences increased generally to about 12% of the peak-to-peak amplitudes. For tidal volume, the SD of the difference between breaths was about 1.5% of the mean tidal volume (0.8 litre). This indicates consistency, but the mean simulation tidal volume was nearly 150 ml too large in two subjects. Examination of figure 6, which shows a section of real and simulation recording under pressure assistance, reveals that the maximum and minimum values of pm, as intended, were similar for volunteer and simulation, but the mouth pressure consistently increased and decreased more rapidly in the simulation than in the original recording, leading to larger peak flows in both directions and hence larger tidal volumes. In the pressure-assistance mode, mouth pressure during the inspiratory phase was much more dependent on the ventilator than the subject. We therefore suggest that the rapid increase and decrease in mouth pressure (and hence increased tidal volume) in the simulation is the result of the servicing that occurred between the real and simulation recordings. During SIMV, it appeared that the simulation of the flow and mouth pressure waveforms was quite good for the spontaneous breaths, but notably poorer for the mandatory breaths ( fig. 7, table II) . This difference between spontaneous and mandatory breaths was noticeable also in the tidal volume differences between volunteer and simulation (table II) . Here the explanation may be that, although the volume control of the ventilator was set to the same position in the simulation experiment as in the original experiment, a small change in calibration of the control occurred during servicing.
Close inspection of the flow waveform in figure 1 shows also that the synchronized mandatory breaths in the simulation recording started slightly later and were of shorter duration than in the volunteer recording. This produced a large transient error in flow at the start of the synchronized mandatory breath. This difference in duration of the inspiratory phase of the ventilator could, as before, be a result of inaccuracy of setting or different calibration of the controls of the ventilator following servicing, whilst the delayed start could be a change in triggering performance.
Despite these differences of detail, the simulation is faithful qualitatively, and the differences are not large quantitatively: generally less than 5% with passive loads and less than 10% with the ventilator after servicing. This is much better than in previous models with which gross discrepancies have occurred when the simulated patient and ventilator were both flow generators (or the ventilator a high-pressure ventilator). For instance, in an earlier study from this department [4] we vented excess flow during mandatory breaths from the ventilator and ignored such breaths as being unrepresentative. Oh, Lin and Bhatt [7] , in testing the Siemens Servo 900c ventilator, did not have a spill and large pressure transients were noticeable in the inspiratory phase. When we mimicked these tests with our model, there were no large pressure transients. It is our contention that the pressure transients were a consequence of the model of Oh and associates not having a realistic compliance during the inspiratory phase. Two models have been described that incorporate realistic lung mechanics, but with flow-generating simulated spontaneous activity. In the model of Lyle and colleagues [5] , as soon as the delivered flow from the ventilator exceeds the flow required by the spontaneous breath, the active part of the model is disabled, leaving only the compliance and resistance components operative. In the model of Damia and colleagues [6] a compliance element is incorporated, together with a flow generator which is intended to match the waveform of inspiratory flow. However, in their model, the compliance is operative only for positive alveolar pressure and is closed off during the inspiratory phases.
The mechanical forms of both these models could be brought into conformity with our conceptual model if they were modified sufficiently. In the model of Damia and others [6] this would require that the diaphragm-type compliance unit should operate throughout the ventilatory cycle and have a linear pressure-volume relationship for the full range of positive and negative pressures encountered, and for the bellows to be moved according to a waveform of C.pmus instead of a waveform of flow at the mouth. Here the difficulty would be in producing constant compliance in a diaphragm-type compliance unit. In the model of Lyle and others [5] , it would be necessary to apply a waveform of pmus to the driving ("spontaneous") bellows and link this permanently (instead of conditionally) to the "patient" bellows. Here, in addition to the difficulty in obtaining constant compliance, there would also be the problem of generating the required waveform of pressure.
We conclude that our method of using a pressure equivalent to the respiratory muscle activity (pmus) to drive a model lung, having realistic compliance and resistance values, can simulate accurately the interaction between a particular patient and a particular passive load, or a particular setting of a particular ventilator. We think that the greater discrepancies found with the ventilator than with the passive load may fairly be attributed to the setting and performance of the ventilator being not quite the same as in the original experiment. In other words, we were already effectively using the model to test the performance of a ventilator.
We are now investigating the variation of the pmus waveform between subjects and between conditions in order to verify a suitable " standard " waveform or waveforms for the comparative testing of ventilators [12}.
APPENDIX CALCULATION OF pmUS AND ITS SIMULATION IN THE MODEL LUNG
The analysis below uses the convention of upper case symbols for parameters and lower case for instantaneous values of variables. All pressures are expressed as differences from ambient atmospheric pressure. Let total respiratory compliance, C, be denned as the increase, At), in the volume of contained gas (at ATP) per unit increase in the pressure difference, Ap, across the wall of the compliance. Then, during passive inflation (no respiratory muscle activity in figure 1A , or pmus = 0 in figure 1B):
where pA is the alveolar pressure (or pressure in the compliance unit-not quite the same as alveolar pressure because it is separated from the "mouth" by the total respiratory resistance instead of only the airways resistance). Hence:
During spontaneous breathing (pmus varying in figure 1B ):
In this study volume, t), added to the lungs was obtained by integration from a start of inspiratory flow -that is, from the end of an expiratory phase. Let the values of pA and pmus at that time be PAE' and PmusE'. Then:
At any instant pm = ph + R.v
where R = total respiratory resistance and v = flow (inspiratory direction positive).
Eliminating pA from equations (A3) and (A4) gives
Unless the expiratory muscles are used, it can reasonably be assumed that PmusE' •= 0 (apart from some small random variation in end-expiratory muscle tone). In these circumstances, the equation simplifies to:
It can be seen from equation (A4) that PAE^ can be determined from the value of pm when 0 = 0 (at the change-over from expiration to inspiration). Therefore, if R and C are known and pm, v and v are monitored, pmus can be computed.
In practice, it is simpler to rewrite the more general equation (A5)as:
and to compute pmus -(PmusE' -PAS'). Even when the expiratory muscles are in use, so that PmusE' is not zero, PmusE' and PAE' are still constants (the values of pmus and pA at the instant that integration started). Therefore equation (A7) is a universal means of determining the shape of the waveform of pmus, but not the position of its zero. When, as in the present study, the expiratory muscles are not being used, the zero can be assumed to be at the mean of the end-expiratory values of the pmus waveform.
Simulation
During passive inflation, the compliance of the respiratory system determines the volume-pressure (i>-pA) relationship in the lungs according to equation (Al). Subject to that relationship, the pressure or flow generator in the ventilator (and the impedances of the breathing system and patient's respiratory system) determine how D and pA (and t) and pm) vary with time during the ventilatory cycle.
When spontaneous ventilation occurs, the v-p\ relationship is changed to that of equation (A2) but, subject to this new relationship (which varies with time as pmus varies), the ventilator again determines how t), pA, t) and pm vary. Therefore, if the realized model of figure lc can be made to produce the same, time-varying, v-pA relationship as applies in figure 1B (A2), the same variation (the same waveforms, of v, pk, v and pm) will be produced when the model is connected to the same ventilator with the same settings-or to any other specified load.
In figure lc, there is no pmus as such, but some of the volume added to the lungs goes into the pump. Therefore, equation (Al) becomes:
AD -Atp = C.ApA or At) = C.ApA + At)p (A8)
where Aup is the change in the volume of gas (at ATP) in the pump. Therefore, comparing (A8) with (A2) shows that if, in any time interval Ai)p = -C. Apmus, the relationship between At) and ApA will be the same as in the direct model ( fig. 1B) .
More specifically, if the volume added to the lungs, and the volume in the pump, vp, are expressed relative to the volumes at the start of the simulation, and if PA,, IS the value of pA at that time, (A8) becomes: D = C(ps-P\,) + vp (A9)
Comparing this with (A2) shows that, if vp is made continuously equal to -C (pmus -PmusE') calculated for a given volunteer experiment, and PA^ is set equal to the corresponding PAE', the relationship between v and pA will be exactly the same as in the volunteer experiment. In practice it is not necessary to set P^ in the simulator because it can be anticipated that any discrepancy in the initial conditions will die out over a few breaths. This is because the average end-expiratory pA is what is needed to ensure no trend in end-expiratory volume in the lungs-that is, equal inspiratory and expiratory tidal volumes on average, both in the simulation and in the volunteer experiment (given the corrections used). Finally, as in the volunteer experiments it was reasonable to assume that pmusE' was equal to zero, the requirement for equivalence becomes just: vp = -C.pmus (A10)
